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While pure zirsoniun is virtually non-cvurrosive at low temperatures, 
its corrogion-resistance at high temperatures varies over a wide range 
depending upon the amount aré type of impurities present. The purpose 
of this thesis was to study th polarized light the effect of nitrogen 
on the corrosion-resistanze of zirconium in distilled water et 450°Fr 
and at S60°F. 

Six specimens of zirconium (essentially the same in chemi 
analysis oxcept for varie,icns in nitrogen content) were studied with 
plane polarized light, The data obtained consisted of measurements of the 
phase shift and rotatior of the plane of polarization of the light re- 
flected from the surfaces of the specimens durin: a series of incremental 
corrcsion film groxths. 
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The characteri: tic angle of zircomlun in tho olectropolished condi- 
ticn Was observod $c bo 298^ -O5! 1210 -59'. In general, with successive 
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¿Sr ΡΜ decreased for each 


specinsn. fn exception is mede to thie statement for those spocirons 


sdaitiong of corrosion fir 


which nad their optic axe3 normal to the surface. 

Previous work in this field dcs shown tnat an increase in nitrogen 
causes a decrease in the corzosion=resistance of zircontum. The rosults 
of the studies made in this thesis do not indicate that either tho charat- 
teristic angle, t. (cr any other observable paranster) vary іп г manner 
consistent with niteogen content. Consequontly, without additional ine 
vestigation, polarized light cannot be used to test the corrosion-resis- 
tance of a random sirconium sample. 

With rofined mathods of reducing the amount of miscellareous impuri- 
ties in the sirccnivm specimens to be studied, with reduction of 639059 
in the optical equipaent, and with the incorporatioa of a proferre oryste. 
orientation, ít 19 pruoabie that polarized "ient may still be used to 


deternins the corrosion-resistance of zirconium, 


Thesis Supervisor's Сәогее G. Harvey 


Title Associate Profsseor of Physics 
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Chapter I 
INZRODUCTION 


Because girconlum has a low eross=section for tharmal neutrona 
and has desirable structural qualities, it is being used more and more 
in nuclear reactors., In this application, the zirconium often is oxposed 
to relatively high temperature distilled water fcr lon: periods of time. 
Consequently, its corrosion-resistance under these conditicns has become 
important, especially since it varies over a wide range devending upon 
tho amount and tyce of impuritics present. To date, no reliable teat 
has been developed which will give a rapid, accurate ovaluation of the 
corrosion-resistinz cuality of a ramiom sample of zirconium. 

The purpose of this thesis was to study with polarized light the 
effect of nitrogen on the corrosion-reagistance of sestinshcuse Grade I 
Crystal Bar Zirconium. The particular type of corrosion investivated 
was thet caused by surface contact with distilled water at 450° F and at 
5609 г, The study was limited to areas о? sinzle grains which did not 
include any graín boundaries. 

kodern research metallcsraphs provide an excellent means of using 
polarized light to exanins the grain structure of hexagonal metals owh 
as zirconium. The optical effects involved in such an examination of the 
reflection of polarised light from opaque surfaces have been known for 
over a half-century. Моге recently, the development of an Elliptical 


Vibration Compernsator hes meade possible an easy method of accurately 
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measuring these effects. A detailed discussion of the theory involved in 
this method is contained in Chapter II. 

“hile a survey of the literature has revealed no previous attempts 
to uso polarized lisent to study zirconiun corrosion films, a small amount 
of information 18 available concarnines related problems. “ost of tnis 
information is sunmarized by B. ii. Mott апа н, п. Haines’ in "Tho '"Uxamina- 
tion of Yetals Under Polarized Light," Part I, ASRE, N/R 6O04. The latest 
previous work of tnis nature is n Bachelor of Science thesis entitled 
"high Sensitivity '"essuroments of the Optical Anisotropy of Bərylliun” 
by idward J), Bronson at Y,1.T. in 1951. He fourd appreciable changes in 
elliptical conpens stor readinzs for different types of films on berylliun. 
This result suzzested to Dr. A. R. Kaufmann that the characteristics of 
ths corroagion film of zirconium mieht be studied in a similar manner 
and that possibly the results mizht provide a means for devising a 
corrosion-resistance test. Preliminary work by the authors during the 
M.I.T. fall semester Supported this belief and precipitated the present 


study. 
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Chapter 11 





THEORETICAL ANALYSIS 


At room temperature zirconium is a close packed hexagonal crystal. 
The optical properties of such crystals sre known to vary for different 
directions in the crystal and are therefcre said to be optically aniso- 
tropic. In the hexazonsl system there nro two crvatallogranhic planes 
of symmetry -— ona containing the major erystollosraphic axis or optic 
axis, cz and the plane that is normal to this containing the basal plane. 
These two directions are called the principal directions of the crystal. 
The optical properties cf the crystal in each of these directions can be 
described by its refractive index, n, and absorption cosfficient, Kk. Thus 
no and k. describe the optical characteristics of the crystal in the di- 
rection of the optic axis and nb and k, describe the chsracteristics in 
a direction perpendicular to the optic axis. 

when a ray of plane polarized light falls upon the polished surface 
of a zirconium Specimen, the vibrating vector of this light can bs resolved 
into ὑπο components -—— one lying in the plane containing the ontisc axis 
and the other perpendicular to thig. inco all experimental work carried 
out in this thesis was done with normal vertical illumination on zir- 
conium specinens, an figures ara descriptions will be based on this. 
Figure 11-1 shows the ray of plane polarized lizht at normal incidence 
to a girconiun specimen whose optic axis is neither in the same plane ? 
as the normal to the surface nor in the plane containing the vi: rating : 


electric vector of the incident light. Ba ia the incident electric 


vector with component Bo alonz the ontic axis 3nd Sab perpendicular to 


the optic axis. D 52063 
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The refractive index. п, апа the absorption coefficient, k, are 
properties of the crystal which affect tho intensity ог ensrgy carried 
by the incident wave. Since the energy of a plane polarized lignt wavs 
is proportional to the square of the electric vectcr, the electric vector, 
ZU and its components will be correspondingly affected. The propsrties, 
n and X, ín a specific direction are referred to a9 an index pair -- being 
ny» k, and no» k, for their respective directions in the crystal. These 
index pairs may os thought of as vector operstors. Іп zirconium which 
is an opaque (absorbing) crystal, these index pairs or vector operators 
are complex operators of the form (n-jk). 

Since the index pair, ny» Ко із different than n s ky, the incident, 
component V. will be oporsted on differortiy than the component Bge IF 
the reflecting power of a principal direction is defined as the ratio of 
the intensity of the reflected component to the intensity of the incident 


component, re have 


m 
R © го 5 
O = y and 
140 (5 Eso) 


2-2 


a ye 
"rb Б Un 


и 


hg 
lig (š "40 y 
or in terms of the index pairs nos k, and u k, when the medium of im- 
mersion is air, equation (1) becomes“ 


(no A 1) + n * кір 


R E 
M (n+ aye t n ke 
ο онто ا‎ 
а 
h = Or μα οσα Ἡ ` Ese 
(ng + 1)3 + Pp қ2 2003 


CONFIDENTIAL 


5 





add 


CONFIDZNTIAL 
- 

Thus when the incident vector component, 4 gq» 18 operated cn by 

R, during reflection, the reflected component, ape Will be differant, 
Similarly whon IN is cperated on by Roe Bub #131 be different. Both 
componente of the incident vector w 11 have been changed in magnitude 
and will be out cf phage with each other wnen reflected. That is, while 
in the specimen the change in velocity of propagation of Dro dus to Ro 
was not the sams ac the change introduced in Fab by R, end upon ensrgence 
the reflectsd components were cut of phase with esch obher., 

In Figure II-2(a) the incident ray is shown resolved into two come 
ponents at right angles to each other and in Ficure 11-2(b) the reflected 
ray is shown resolved into two components at right angles to each other. 
Thus the incident plane polarized light is roílscted as elliptically 
polarized light due to the optical anisotropy of zirconium. 

In the special case where the electric vector, Ea, is coincident 
with one of tho principal directions such es the optic axis, there will 
be no component in the direction of the basal plane, 1.6., 4, will be 


zero. Ji à will equal Es and the resulting reflected light will be 


1 
linearly polarized. 3ummarizing, when plano polarized lieht is incident 





(normal) cn a specimen of zircenium, elliptically polarizod light will 
be reflected except when the diraction of polarization is coincident with 
a principal direction. This can bo better visualised in Figure TT-5, 

In Figure 11-3(a), component Bo is Ged on by Ro and Tb by hye This 
changes E С and P, so that they form elliptieally polariged licht. For 
each angle X, the reaulting elliptical 1121 will be different and the 
maximum ellipticity will cceur for ( 245% In Figure II-S(b) compo- 
nent E, is operated on by n, and since 2, = 0, the reflected light will 


be linearily polarized in tha sane direction. 
D 52863 
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Now consider the case in which the spscimen is viewed throuch an 
analyzer whose direction is at right angles to the polarizer supplying 
the Might. This is 2 condition knom as "crossed nicols." Figure TI—(5) 
shows the direction of the polarizer, P, the direction of tho analyzer, A, 
and the principal directions of the crystal, o and b. when the specin 
is rotated to an anzlo СС between P and o, the licht reflected to the 
analyser will te elliptically polarized and tha ccmponants of this Light 
parallel to the direction of the analyser will pass throuzh. As CC varicose 
when the stage is rotated tho ellipticity of tha reflected light and thus 
the components parallel to the analyzer ΠΕΠ, ῊΝ This will 
— the intensity of the reflected light as viewed through the analyzer. 
shen the direction cf polarization is coincident with the principal di- 
rection, o, as in Figure ї1-1(0) the reflected light is plane polarised 
and is at right ancles to the direction of the analyzer. No licht should 
be transmitted in this case. Therefore as ths stage with the specimen 
43 rotated throuzh 560° there should be four points of minimm intensity 
and four points of maximum intensity — the minimum occurring when the 
principal directions are coincident with the polarizer direction and the 
maximum when the ellipticity is the :;reatost, i.s., when the angle a 13 
45° (diagonal position). 

It is noted, however, during observations that ths minimum inten- 
sities aro nover complete nulis as would be expected anc that the four 
maximum intensities are not of equal magnitude. As brought out by seres, 
with physical optical systems it 15 almost impessible to provide a sourco 


of pure plane polsrized light to the speciuan. The optical systems 
D 52008 
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usually create a small amount of ellipticity smi thorefore even whtn tho 
principal directions are soincident with the direction of polarization 
as in liguze II-A(b), some light can be viewed through the analyzer. 

If devices, which can conpensate for tho ellipticity intrcduced by 
zirconium into plans polarized light, can be inserted in the path cf the 
elliptical lisht, it. is belfeved that much information can be obtained 
about the surface properties of zirconium, This ellipticity is caused 
by a phase shift snd the rotation of the plane cf polarization. Thare- 
fore the ellipticity could be removed by two compansating devices of 
known characteristics — one vhich removes the phase shift and the other 
which removes the rotation. To sea how this can be dona, the secuotry 
of elliptically polarized light should be roviuwed,.** 


The iocus of a point tracing an elliptical path ia riven by 


y = R зіп 216 
L 
x SA sin Mt +» -------- (5) 


where the x component leads tha y component by an angle » (in radians). 
R is tho amplitudo of the y conponent (retarded) and 4 is tne amlitude 
of the x component (accelerated). Т 15 the period cf vibration and t 
3s the tima elapsed since y s 0. 


koferring to Figure I1-5, the ellipticity is defined as 








{= b s tan WwW ----«-----«--4) 
a 
or sinaw = 24 2 (5) 
1 + $ 


Nan ttt 
^ 、 8 
+ The fizures and nomenclature used are those o? C. À. 3Kkinner . | 
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and the equation of an ellipss referred to its orn axes is 


2 
кете Фи -------(6 
a* b^ 


In Figure 11-S, consider an elliptical pattern of light where x 
19 the incident vibration dirsction. $ de defined as the asimuth of 
the elliptical light. 


ee‏ 2ي 
+Y =1  -------- 7‏ 
“at SE =‏ 
and А = x, ' соз Ө ~ уу! зіп С ------í(8)‏ 
Combining (7) and (8)‏ 
A* z a* coa? ө + b? sin? o -----(9)‏ 


ВЕ = аё віп е + 02 соз? о - - - - - (10) 
adding and subtracting (9) and (10) 


A + R aè ος с ИЕ 


(a? - Ы?) (cœ? 4 = sin? 0) 
(a? - t?) coe 2e - LH 


де — RŠ 


By introducing the phese lead, v, of the A compensnt over the R 
component, other fundamental relations can be derived. From equation 
(5), 1f y Z O and x = p, vo have 

p z Asino -------(15) 


From Figure I1-6, this point pis xp", ya and 
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Substituting (14) and (15) into (6) gives 


a t^ 


EE 
a” sine 9 + b cos” © (26) 
and from (10) AR sing = ab 一 一 一 一 一 一 一 一 (137) 


ve have further 


2 


2 аё οὐ 
coo © 2 1 -8in" 0 = 1 





E (a coste + t 81n^9)(a sin“ + b costo) 


(aŠ - pe y sinó O cos? 6 
P pe 


or coo" р = 





ог АҢ сос = 





Rewriting equations (11), (12), (17), and (18) and defining 











р = А2418 . аё 4-0 НЕР 
E = — = = = (19) 
2 2 
pu x ἕνην 
О ЕО DLL a ВС е A] 
2 2 
2 2 | 
Ë = AR oea SEITE απο. ---- ei 
2 
S = AMO сш |— ----- (22) 
Combining (19), (20), (21), (22) gives 
Pres =P г (25) 


which suggests the equation for a sphere іп which f, K, and S are the 


rectanzular coordinates whose radius is P with the center at the origin. 
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To show how the sphere may be used to determine the constants of 
en allintis vibration we have for the aginuth Ө of the ellipse frez 
(20) and (21) 


tan 20 = 2 E (24) 


in which 9 can assume any value between O and n and is independent of 8. 
Simtlarly frcm (19) and (22) 


дар = 


Be... 
a“ + b: 


---------- (28) 


zit: 


and since ( = 2 from (4) 


Е HN 


t4 
гә 
+ 
x 
t 
τί 


and from (5) зіп 209 ---------- (27) 


“фо; 


tan Y -------.-.-.- (29) 


Ж ( 


Therefore tha ellipticity, í э is independent of à and K end since 
зіп 20) сап һауе aay valua between -l and yl, í шау range between -l 
and +1. 

F-:vthor, the phase load p of any A component, from (21) ami (22) 
is given by 


tan » = > 一 一 一 一 一 一 ~ ~ - - (29) 


In Fisure II-7, let tha CK plane be the equatcrial plane of the 
Sphere and the 5 axis te the polar axis., Let longitude Le meagurod fron 
the © axis eastward, and the latitude upward from the equatorial plans, 


Inspection shows that 20 is the longitude end 2iJ is the latitudo of tho 
0 Se 
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| её to determine ellipticity or phase shift. Plano polarized 
light (т ellipticity) is represented by the 31m total of points on the 
equator while positive and negative circular polarised light are ropra= 
“sented by the north and south polos respectively. 

The Bausch and Lomb Elliptical Vibration Comnergator was used in 
this thesis to measure tho rotation ard ellipticity cf tho reflected 


light. In the compensator unit there are two olemente: a rotation com= 





pensator and an ellíptis»l ecapernsator. Fi:uro II-8 shows a schenstie 
diagram of tha compensator unit, 
The rotation compengator will be taken np first. The rotation con» 


pensator consists of two identical gloss prisms cemented together with a 


- 
u 
7 


transpsrent cement of the sams index as that of the glass. On the ine 
clined inner face of cne prism ia a quarter-wave interference with en ine 
dəx differing from that of tho glass. This quarter wave interference is 
tin oxide applied by high vacuum thermal evaporation. This quarter-wave 
45 for a specific wave length and a correction must be made if other 
wave lengths of light are to be used. Referring to Figure 11-8, it is 
seen that the inclined filn of the rotation compensator transmite the 
p-ccmponent of the incident polarized light mors copiously than tho 


S-componen;, This results in a rotation of the polarized light trevoreing 





the film. 
p E 
ton Pa = Y and tan V. 
D, er 
= | - M. IE 
tan V. ZH tan ο where R = = E 
в p 
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If the azinmth of the incident light on the film is Ye. and the 
asinuth of the transaitted light is Yg» then with no mica plate present, 
a would also be the azimuth of the light incident on the specimen. If 
the specimen produces a rotation of the incident light, the reflected light 
will have an azimuth W% , and after passing through the commensator filn 


tho light will be rotated again and emerge with an aziuth of Y. Again 


tanga, = R tan ££. 


With the po'ariser and analyzer crossed, compensation is obtained 
by turning the film about the. optical axis of the system until extinstion 
occurs. At this point compsrsation has been effected. Therefore at Cone 


ponsation with the compensatcr setting st r, 


y 


% š Pas 


The rotation produced by the specimen is (η ~ fhi). 


tan /, - tang, 


l- tan V. tan 


ke o > о 





2 
R'e l s4n 2r 








tan (qp, - £z? = 
- gp -1 
or ee 2s sin 2r - u un u = (30) 
where tan (e - 4.) = € 


Since the rotation vroduced by the specimen fs usually much lesa than 5° 


f &, 
esp, = Lv) = LL sin 2r ا‎ 
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In Figure II-8 the elliptical compensator is located above the rota- 
tion conpensator and consists of an extremely thin mica plate cemented 
betreen cover glasses and is rotatable in its own plane. As in the rota- 
tion compensator, light traverses the mica plate in both the incident and 
reflected directions, thereby removing half the phase shift dus to the 
specimen in the incident beam and the other half from the reflected bean. 
Since the rolationship of elliptically polarized lignt to a sphere has 
already been shown, it is easy to present a geometrical explanation of 
what happens to light as it traverses the elliptical eomrergator, 

Figure II-9 shows the five operations on the incident plane polarized 
light. Tho fast axis (principal direction) of the specimen is assumed to 
be at 45? to the direction of polarigation. This will be a longitude of 
90° in the sphere since all angles are double. (It should be recalled 
that the maximum ellipticity due to the specimen occurs when the direction 
of polarization of tho incident light is at 45% to one of the principal 
directions of the crystal. This will fix the position of the specicen 
on the stage in the procedure to be described later). 

Figure 11-9(2) ών, ος rotation of the incident light after 
passing through the rotation compensator (inclined quarter-wave fila). 
Figure T1-9(b) shows the phase shift introduced into the rotated plane 
polarised light after having passed tnrough tho mica plate of the ellip- 
tical conpensator. This is the light which falls on the specimen. It is 
to be noted that this light is now slightly elliptical havine been given 
both a rotation and a phase shift. Figure 11-9(c) shows the rotation and 
phese shift given to the incident light by the specimen. Figure 11-9(4) 


shows the phase shift given to the light as it passes back through the 
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mica plate and Figure II-9(e) shows the rotation added wien it passes 
through the quarter wave film again. This last point lies on the equator 
of the sphere indicating thet it is plane polarized light (no latitude) 
and is in the samo direction as tho incident lizht (no change in longitude). 
Thus the ellipticity has been compensated for and when viewed through a 
crosecd analyser there snould be extinction. 
From Figure II-$, it can be shown by projection geonstry (ses Ap=- 
pendix A) that 
sind = sing ЕС + 2d, ) + sin(2m - 202) = = = (52) 
where 4 4s the phase shift on the sphere due to the specimon 


m is the angular displaconent of tho mica plate 
fast axis from zero 


о is the phase shift due to the mica plate 


dy and dz are individual rotations of incident and 
reflected beams due to rotation compensator. 


Knowing that d, and d, are small and about equal and that A is a 


1 2 
small angle, we obtain 


à = 2 sin o sin én -------.- (33) 
„where A is in radians, 
hen tha specimen 43 in the diagonal position, tho incident licht 
is reflected with mxinus ellipticity. This elliptical light has com- 
ponents vibrating parallel and perpendicular to the direction of polari- 
gation. These two components will be out of phase since the light is 
elliptical. The phase angle between these components which is caused 
by the spocimen is called U, the characteristic angle. - 
For each typo of spacimen there are many anisotropy paransters. 
These consist of apecial functions of the index of refraction, tho coeffi- 
cient of absorption, tho ellipticity of the waves panstrating into ths 
CONFIDENTIAL p 52003 
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specimen, and the index of ths immersion medium. However, all of these 
functions are related to two of the parameters. ne will be called the 
polarization coefficient € and the other the phase coefficient 5 . 1% 
has been shown that Є. ів the tangent of the asinuth of the major axis 

of the reflected vibration ellipse measured from the vitration direction 
of the incident light (Eq. 50) and 5 4g the ratio of the minor azis to 
the major axis. For incident linsarly polarized lirht, the reflectsd el- 
lipse can bs written in the form 


10 - 6415 ----------(54) 
as te the άνετο ство аб 15 ӛзі е -/ d 4 
7 tan = Û NEM - . 
Е 
on tho sphere; 5 = tan W 一 一 一 一 一 一 一 一 一 一 《28) 


and W is one-half the latitude of a point on tho sphere. 
Sinco we are referring to the phase shift (change of latitudo) due 


to the specimon (Figura "11-9(c)). 


oe = tan y (minus due to convention on sphere) 


or for small angles of 4 


4: 74 —— И 


From Figure 11-8 and Equation (30) 1t is seen that tho tangent of 
angle between the major axis of the ellipse ard the incident plane light 


in terns of tho compensator is 


2 
tan (y, - V4) 2 € 7 LI sin 2r (50) 
D S255 
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ubstituting equations (56) and (50) into ecustion (35), rives 


ten Gs sine sin 2m = = = = (87) 
R -1 sin 2r 
2R 
However, the quarter-wave film in the rotation compensator is oxsct 
only for ona wave length of light. For wave lengths longer or shorter 
than this, the light will suffer a relative phase change in passing through. 
Therefore equation (57) must be corrected for the wave length of Light 


used and becomes 





tan V = Sin ds 2m + sin p sin 2r (58) 
Eo | 
ZH sin 2» 


where the quantities e, p, and R are determined experimentally and ars 
constants of the compensator, 

It should bo noted in the above derivation that tha © used is not 
etrictly the characteristic angle since the incident light is not plans 
but elliptical due to passing through the rotation and elliptical com- 
pensators once. However, for practical purposes, the anproximation is 
not too bad. 

The Bausch and Lomb Elliptical Vibration Compensator (Figure ITI-8) 
has calibrated divided circles upon which can be read the settings on ths 
rotation and elliptical en. The readings for extinction on 
two successive diagonal positions of the specimen are subtracted to give 
the values of 2m and 2r to be used in equation (38). 

Bis a unigw value — it is a constant for a particular anigo- 
tropic metal or numeral regardless of the angla of the basal plane or 
Cleavage plane (provided that the surface condition is the same in each 


case). The value of © for isotropic orystsls is not constant and varies 
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Г 


Lot 


between -90° to +900. For anisotropic crystals (7 will show a change 
with surface characteristics which are undetectable under ordinary miero=- 
scopic examination. The measurement of Ù serves as a criterion of the 
excellence of the polishing technique - tho hizhest value of T being 

the best polished. Tabuleted values Showing thi& fact are available.” 

If an incresse in the characteristic anzle, Ù, cen be woed as a 
criterion for the axcellence of polishing techniques, then decreasing 
angles of © could serve to indicate a film growth on a polished 2urfacz, 

Therefore, the authors propose to study and attempt to determina the 
| corrosion characteristics of girconium based on theory described in this 


section, 
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PROCEDURE AND EQUIPYENT 


^. Preparation of Specimeng 
The original material from which ali specimens were prepared was 


an 18" piece of “estinghouse Grade I Crystal Bar Zirconium, approximately 
5/8" in diameter. The existing surface film was removed by wirebrushing 
and by chemical etching in a 1:1 solution of water and nitric acid plus 
а føw drops of concentrated hydrofluoric acid., hen all of tne film had 
been removed, tha bar was washed under tap water, 

From this original bar, a four-inch billet (approximately equal to 
100 grams) was cut from the center section. This billet was inspected 
again for any Surface film, ospeciaily in and. around the jarged grain 
boundaries of the surface crystals and thon ít wns rewashed and dried 
ín acetona. 

In order to honogenize this "nother billet,” it was drip meited 
twice under a vacuun of 1079 microns in a quarts tube using hich free 
quency induction heating as shown in Fiz. IIT-l. The quartz tuba was 
evacuated by the ugual laboratory fore pump, diffusion pump vacuun systen. 
The zirconium billet ras drippsd into a standard J.T. copper crucible 
which is shorn in cross section in Figure III. Previcus work had shown 
that copper pickup from such a crucible was nesligible. After sach of | 
the first few drip=neltings, the quartz tube (Firure 117-1) showed а 
slisht dark film deposit on the insido surface in the vicinity of the 
position where the zirconium had been susranded during the melt. This 


film is believed to be caused by condensation of the miscellaneous minor 
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impurities (@.¢., Fe) volatilized during the melting process, Jt was 
noted that the amount of film deposited after"oach melt was less than for 
the previous melt. This suggested that the major percentage of the im- 
purities of the "mother billet" ware volatilized in the first few drip- 
melts. 

Since, from previovs experience, a vacuun of 10% microns was set 
as the amount of evacuation necessary to avoid appreciable oxygen pickup 
during any high tenperature process involving girconium, the word "vacuua" 
throughout the rest of this paper will mean a vacuum of 1075 X 

After the "scther billet" had been drip malted twice, 1t was held 
under vacuum at 1600? C for about ten minutes in order tc further homo- 
genizo the material. The first specimen (piece Hi, Fig. 111-4) then was 
roughed out from a 1/8" thick slice cut off from the larze diameter end 
of the drip melted billet ag shown in Figures 1113 and 1574, 

Piece (H) of Figure ITT~4 was prepared for metallceraphíc examina- 
tion uhile the remainder of the slice was given to the chemist for analysis. 
Upon completion of the chemical analysis, the material then remaining was 
subjected to a corrosion-resisting quality test in distilled water at 
3150 C for arproxinately 600 heurs. samples A, C, D, and F were so tested. 

After ths first slice had been cut from the main billet, nitrozen 
was added to tha ronmsainder of the billet. Fron this billet the second 
slice wags cut yielding tha second sample. This process was reroated 
until six sawolos had boen prepared with increasing quantities of nitrogen, 
After each nitrosen addition, the billet was crip=nelted in vacuum twice 
to provide homozensity. A saply calculation to detormine the pressure 
of nitrogen to be bled into the vacuum system in order to add a desired 
number of parts per million of nitrogen to the billet is given in Appendix 


B, The six samples so prepared with their nitrogen content in parts por 
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million are chemically described in Table C-l of Appendix C and wore 


assignsd the follains syubols: 


Specinsn рра “3%голеп 
1 6 
B 70 
C 115 
L 147 
E 150 
Е 240 


The six spacimong listed wore prepared for metallographic oxsnina- 


tion аз follows! 


(a) 


(b) 


(c) 


1, 

Paper pclished using kerosene on succeasively finer parers 
from 320 A down to 3/0 making each pass at 90° to the pro- 
ceding 5398. 

Slizhtl; etched in a solution of equal parts of water and 
nitric acid plus a few drops of hydrofluoric acid, washed in 
water and dried in acetone. 

Electropolished in a solution of one osrt of 60f perchlcric 
acid to ten parts of slaci^l acetic acid using a stainless 
steal anuode and approximately 0.3 amperes and 18 volts for 
about 45 seconds. Experience and skill is needed in this 
phase in crder to produce a "standard" electropolished surface, 
free frou any macroscopic film and surface irrezularitios. 
Since a shemical etch film сап be produced if the sample is 
left in the solution after the current is turned off, the 
sanple always was withdrawn from the solution with the cure 
rent still on. ”orsover, since eleetropolishing for an 
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excessively long period of times or with excessively hizh 
voltage can cause gurface deviations, these conditions had 
to be avoided. Two of the samples inadvertently were ex- 
cessively electropolished on the first try and had to be 
paper polished, etched and electropolished over again. All 
six samples whon completed, however, showed а remarkably 
"standard" surface, The values of the characteristic angele 
for all of the anisotropic zirccnium crystals selected did 
not differ by more than 422.  Voreovor, after corrodins these 
8pecimoa3 fifteen times, the surfaces again were prenired in 
the sem? manner and gave reproducible results of the charace 
toristic angle of the same crystals, within ths same limit 
of erro:. After each electropolishing operntion, the surface 
was washed with denatured ethyl alcohol and inmediatel: hot- 


air driod. 


B. Metallographic Procedure and Bouipnent 
A detailed description of the equipment used is included in 5.R. 


thesis, M.I.T., 1951, by E. 1. rR photozraph of this equipment 
is shown in Fizvro II1-7. 

The general vrocedure followed was to use an Elliptical Vibration 
Compensator to measure the phase shift and rotation in the reflected 
polarized light from a particular portion of 2 salectec crystal after 
successive growths of corrosion film. In order to do this, it wag 
necessary to examine each spacimen very carefully under volarized light 
in order to select one cr more crystais in that specimen which nad the 
following characteristics: 

(a) Large enouzh (1/82" x 1/52" minimum). 

(b) Unique irregularities in Shape of boundaries to permit easy 


identification, D 5 2063 
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(c) Free from spots or areas which became alternately bright and 
dark but not in phase sequence with the backeround crystal 
material. 

(d) Free fran twin bands. 

(e) ^s far as possible, free from pits, inclusions, nnd spots 
which remained dark throughout an entire rotation. 

(£) As far as possible, free from shaded variations in color 
that appear within a crystal on some angles of rotation 
while appearing uniform in color on other angles. This 
"mottlad e?fect" previously hes shora up in drip-molted 
samples, but its nature and cause still remain unknown. 

Two crystals were selected in each of ssmples ^ and F, while one 
crystal was selected in each of gamples R, C, D, and Y. The two crystals 
in A and F were chosen in order to determine whether the orientation of 
the basal planes had any effect on thé variation in tho phase shift and 
in the rotation of the plane of polarization from the surface of the 
randomly oriented crystals and from the corrosion films crown therson. 

Onee the ei:ht cryatals were selected, they were photographed 
at 50 X in order to preserve a record of their ccntours to assist in 
identification after the corrosion films had been rrown, 

Having chesen a particular crystal in each sacple, it was necessary 
to select a particular arsa in each sample and to devise 3 means which 
would permit observations of that particular area (and only thet area) 
after sach successive autoclavinz. The eauipsent shown in “ig. 171-5, 
pieces J, K, and L were designed to accomplish this function. 

Іп Ғілиге І11-5, plece J is a frosted lass plate set іп а matal- 


lograch photographic frame, * 1+1/16" diameter circle and vernendicular 
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"cross hairs" were drawn in black ink at the center of the 1338 plate, 
Next a sheet metal plate with a one-inch circular hole cut out of its 
center was fitted into another frame So that^by Sunerpesition, the hole 
was concentric wish the 1-1/16" circle drawn on the glass plate. Four 
5/52" bolting holos were drilled as shown in X of Figure 111-5. To this 


plate the housing for the photomultiplier tubo! 


was bolted ag shown in 

L of Fíguro 111-5. The metallograph was now ready to be used to measure 
the intensity of polarized lisht as reflected from the specimens, Figure 
І11-6 is a diagran of the optical system in the “ausch and Lomb Research 
Кебв11одгерһ, which wag used in this study. The Carbon Are source of 
light normally suoplied with the metallogr=ph previcusly had teen replaced 
with a 40-watt Zirconare tube which, after a warm-up period of three hours, 
provided a source of white light which was reasonably constant in intensity. 
To assist the Zirconare in mintaining, constant intensity, a Raythson 100 
power factor 120 volt 120 watts voltage stabilizer was connected into the 
alternating current feed to the Zirconare Power Supply Tox. This Power 
Supply Box acted єз a converter and furnished the Zirconsrc tube with 
approximstely 2 anperes at 30 volts, direct current. А11 of the equipment 
described ín this parazraph is shown in Fizuro 177-7. ' 

To make ceruain that tho polarised light always struck perpendicular 
to the surface of the specimen (or its film), each specimen was viewed 
with its olectropolished sido down cn a thin 21393 plate which had been 
made to fit the recess in the head cf tho metallograph. This =1193 plate 
had a 1/4" hole cut at the center with the edges of the hole carefully 


ground over ао that no protruding sherp edves were available to scratch 


the surface to ba studied, 
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AND ASSOCIATED EQUIPMENT WITH ELLIPTICAL 


COMPENSATOR IN PLACE 
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FIGURE 11I-8 


SLLIPTICAL VIBRATION COMPENSATOR 
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The specimen was then centered over the hole in the glas3 plate 
go that the metallograph beam fell on the dogired crystal. This vas most 
expeditiouwly accomplished by scanning the sample with a relatively low 
magnification (5.6 X) objective lana in the mstnlicgrauh. Once the crystal 
was located, a 13.5 X objective lens was inserted in place of the 5.6 lens. 
Sith a combination of a 13.5 objective lens and a 10 X hyperplane eyepiece, 
and the bellows extended to 38.6 сп, the maznification obtained was 200 X, 
Once the cross haire of the less plate (J), Figure ITI-5, were located 
in a "clean" area of the crystal, a map of the exact location of tha cross 
hairs and the 1-1/16" circle relativa to the adjacent gr:in boundaries 
wag traced on a transperert paper. With this map, it w29 relatively easy 
to reposition the crystal after each autoclaving so that the photomultipiloz 
tube was measuring light intensity from the same area each time. Tt algo 
was necessary to align the objective leng in the matallograph for each 
crysta) so that upon rotation of the stage through 350° the crystal would 
revolve concentrically around the centering cross haire. This alignment 
was most easily and most accurately accomplished by viewing the rotation 
at 200 X on the glass plate. 

Unce the crystal had beon located accurately, the mets1lograrh stase 
was rotated in increments of 10° through 360°. Tha amplification of tho 
photomultiplier нат was adjusted at the battery box to give readíincs 
on the galvanoneter ranging between O and 100. Instead of tabulating 
the readings, they were more rapidly plotted directly on reproducitle graph 
paper forms printed especially for this purpose (^ppendix D), This 
portion of the data was taken in order to locate the four azimuthal posi- 


tions of mxinum intensities of the reflected light during a full 
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rotation. Henceforth these four positions will. be called tha diagonal 
positions of the crystal. Tre entire curve was recorded, instead of just 
tho paaks, Since this plct permitted a zraphical location of the exact 
diagonal positions more accurately than could bo votained merely by sweeping 
with the galvanonster in the vicinity of the peaks. As it turned out, 

other interestinz piysical phenomena became a-parent after studying аса 
comparing the shaps of tho irtensity curves. 

Having determined the four angles of ssttine of tho matallograph 
stage for the diazonal positions, the 13.5 objective lens was removed and 
the Dlliptical Vibration Congensator was inserted in its place. The con 
pensator was centered in the sams manner as wrs the 18.5 lens and the 
exact area to be scanned again was located on the glass plate (J) Figure 
111-5. This was necessary because each timo 4 lens was removed from the 
metallograph and then replaced, it was fourd that its optical axis would 
not return exactly to its previous position. Having centered the allip- 
tical conpensator and relocated the area on ths sample with the aid 
of the tracing, the metallograph table was set on each of the azimuths 
of the diagonal positions at which points the elliptical compensator was 
adjusted for extincticn. Fisure ITI-8 is 2 photograph of the elliptical 
compensator and Fisure 11-8 is a sketch of its optical system. TIn Fi ure 
111-8 the upper pin controls phase shift while t'e lower pin controls ro- 
tation of the plane of polarization., To adjust the conersator for ex- 
tinetion both pins sre rotated by trial and error until the salvanoneter 
vives a minimum reading. The significance of this operation is described 
in Chapter IJ. Two extinction readings were taken at each of the four 
diazonal positions. The phase shift and rotation due to the specinen 


are included on each graphical form sheet in Appendix De 
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C. Autoclaving Procedure 
Since the basic problem consisted of using polarized light to study 


tho characteristics of the corrosion fílm on zirconium, jt was important 
to be able to correlate the data cbtained with some corrosion parameter. 
Previous work by tho authors had shown that 100? C was too lew and 818° C 
was too high for optimum growth of corrosion filu for this фура cf study. 
Consequently, during run #1, successive auteclavings were carried out at 
a temperature of 235° Ç for equal inerements of 15 minutes each. In run 
#2 the time of each autoclaving remained 15 minutes out the temperature 
was raised to 2959 С. 

The autoclaving for run /1 із described in detail as follows, The 
stainless steel autoclave was filled with distilled water and the six 
specimens were placed in ths water with electropolished surfaces facing 
upwards. The cover wag then bolted and the autoclave wag heated in an 
electric oven from room temperature to 255° с u3ing a constent setting 
on a Variac in the circuit. The time required to bring the autoclave up 
to temperature in this manner was approximately two hcurs and twenty-two 
minutes, and this time remained reasonably constant varying by net more 
than 28 minutes. As soon as the autoclave temperature reached 233° С» 
the autoclave immediately was transferred to a preheated oven with 
automatic controls «hich maintained the auteclave temperature at 2539 C. 
After 15 minutes at this temperature, the avtoclave was removed, sprayed 
with water until this sprayed water no longer turned to steam and then 
immersed in tap water. The entire :ooling procedure took approximately 
five minutes and was constant to within £ 1/2 minute. Once cooled, the 
autoclave was opened, the gamples removed and air«driod with a syringe. 
For each successive auteclavinz, now distilled water was used. Calibrated 


ChromaleAlusel thermocouples correct to 4219 C were used. 
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сіп 72 was conducted in 4 manner similar to run /1 except that only 
one autoclaving was done and its temperature was 2059 C. Tho tino» required 
to briry the autoclave up to 295% С жез 2 hours and §5 minutes. The 
cooling time was 5 minutes, 

In run #1, the corrosion film varied in color from a pale yollow 
after the first autoclaving, cn through straw, бо mediun brown to bluish 
for tne last autoclaving. In general the changes in film color were gimiler 
to those obtained in temperirg Steel. Polarized light resadinza were ob= 
tained up throuzh the bluish filas. 
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Chapter IV 


RESULTS AND CONCLUSTONS 


The values obtained for either 2m, 2r, or & do not vary in any manner 

consistent with the nitrogen content in the specimens. Therefore, 

at present this rothod does not apcear suitable for vse a8 a corrosion- 

resistance test for zirconiun. 

with further refinsment in methods of sample preparation and with 

more accurate optical systems, it still my be possible to use 

polarized licht to determine corrosion-resistance of zirconium. The 

details of what refinements are necesgary and what ontical errora 

should be eliminated are included in Chapter V. 

Three possible explanations of why the value of G did not vary as 

the nitrogen content in the specimens are as follows: 

А. As shown in Appendix ©, the inadvertent impuritios іп the spseimeng 
were considerable compared to nitrogen content. For example, 
іп the lcw nitrogen gamplo li.-] thers was sbout twenty times as 
much iron and carbon as there was nitrozen. In the reminder of 
tno ssmples, as the ccntent of nitrogen was incrensed, volatili-e 
zation reduced the quantities of other impurities. It is өп- 
tirely possible that the variation of the effects on corrosion 
of these other impurities was vreater than that of the nitrogen. 

B. Some metals corrode at different rates along di fferent directions. 
Zirconiun, being anisotropic in othar properties, probably is also 
anisotropic ín corrosion, Therefore, with random orientation 


of the eight cryatals studied, the effect of variable corrosion 
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growth caused by ¿rain orientation my have been of greater masni- 

tude than the effect of nitroren content, 
C. А combination of (A) and (B) acting together. 
The anomalous behavior of curves lA-2, 24-2 and 2F-4 are explained 
by the fact that their optical axes were nearly perpendicular to the 
surface of the spscimsn. This stateme:t is based on the faot that the 
specimens, when rotated upon the stage did not go through sharp maxina 
and minima of intensity, but instead remincd fairly dark throuzhout 
the entire rotation. Since 3 hexagonal eryst=l has two of its three 
erystol axes of equal magnitude and since these two cqual axes were 
contained in the surface of the specimen, there wag very little ele 
lipticity introduced into the incident plane polarized light. Conse- 
quently, the reflected polarized light contained practically no ellip- 
ticity which resulted in practically no phase shift. The rotation 
of the plane of polarization, however, was considerably more than for 
tho other specimens. Hence with essentially 59 constant phase shift 
and an increasinz rotation of the plane of polarization, tho charac- 
teristic angle % » wnich derends on the ratio of the sines of these 
two parameters, increased rapidly as shorn in Figures IV-l and IV-2. 
As the corrosion time was increased, the color of the specimens proe 
gressed from natural to straw, to yellow, to brown, to blue in cverall 
appearance. 
Looking at each specimen in more detail, tho coler of the filn was 
not homogeneous across the surf-ce of any snecimen. For example, 
in a specimen where the overall appearance cf the surface gave 2 


brownish appearance, upon more detailed observation some areas 
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appeared yellow and some blue, whereas the an jority apneared brown. 
The boundaries between these changes in color were sharp and had a 
general appearance Similar to tha boundaries of large regular zirconia 
crystals. 

Additional zirconium crystal bar samples (not the ^ to F serios dig- 
cussed in this thasis) were corroded foreighty hours st 815? C plus 
@ix days at 348°C. A small amount of white powderish film became 
noticeable. This film was concentrated in white lines which appeared 
to be outlining sirconium crystal boundaries. 

After the 15th autoclavinr at 2359 r (end of Чип 41) the specimens were 
autoclaved at 255^ C for about 40 hours. Upon wetallozraphic examina- 
tion the film was studded with reddish irregular spots which shone 
through the much more darkly colored background of tno crystal. In 
addition, there were sets of longitudinal ‘lines which appeared 2s 
cracks in the film In this condition, the diagonal rositions of 
maximun intensitiss could not accurately bo determinsd, nor couid 

the adjustments 5e made for minimum intensities on the elliptical 
compensator., ince the surface being studied was no ienger homo= 
geneous, these results were taken as being random and were discarded. 
tron this experience it is felt that polarized light cannot be used 

to obtain quantitative effects on film growth after the film has 
either broken down in iccal sreas, or split, or grown too thick. 

The crystal boundariss remained the same shove and size when observed 
throu:hcut the entire ¿rowth range of film growth. This fact indie 
cates that the fils was thin cr that its structure wes similar to 


the parent crystal structure. 
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Upon calibration of Elliptical Vibration Compensator 337 with a 
Фітсогагс source of white lizht, the now constants obtained are 
contained in the followinz cerrected formulas for the characteristic 


angle, + 


tan b = -.6686 شت‎ + .0208 


«hen gpacirens 142, 24 and 2F-4, (which had their optical axes 
almost normal to the surface), were rotated thrcugh 360°, only 

two points of maximus intensity appeared. Upon investigation, 

it was found that the 15.5 objective lons vas strained. «hen 
another 15.5 objective lens was used, the usual four points of 
maximum intersity wers observed, The diagonal positions of thy 
reminder of the samples wero checked using beth 13.5 lenses and the 
agimuths coincidsd, showing no error in this source of the data. 

The results of corrodins specimens A, C, D and F in distilled water 
at 515° C for 800 hours showed that spocimens ^, C, nnd D wero of 


about equal quality while specimen V showed zreater corrosion. 
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Chapter V 


RECOMMENDATIONS FCR FURTHER INVESTIGATION 


It is recommended that further study, using polarizod light, be 
made of the characteristics of the corrosion film of zirconiun. Some 
suggestions which may prove beneficial in such a study oro listed as 
follows; 

1, Preparation of specimens 
(a) Do all drip-melting in n vacuum of 1078 microns to reduce oxy Zen 

pickup in the specimens. 

(b) Since chemical analysis indicated that the largest percentages 
of misceliangous impurities were removed by volatilization during 
the first few meltings, drip melt the mother billet of crystal 
bar about six times for reduction of impurities and for homogeni~ 
gation. Cut the billet into four parts and add nitrosen no that. 
the specimens to be utwdied will сопёліп approximately 0, 100, 
200 and 500 parts per million of ritrogen. This preeedure wiil 
give each specimen the same number of drip meltings and will re- 
duce the variation in inpurities. 

(c) Make specimens lerger and provide an additional 10 gram for 
chemical analysis plus 5 grams for standard corrosion resistance 
test. 

2. Since the mtallogranh optical system and its associated lenses are 
being returned to the factory for correction of optical errors, this 
problem should ur» be a factor in future werk. However, periodic 
calibration checks should be made on the motallograph. 


3. Instesd of using a large single crystal in the specimen for study, it 
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is suggested that the specinens consist of a large number of small 
grains that are civen a preferential direction by cold workinz. By 
using a largo aroa with oral grains, i.e, about 109 crains, tho 
problem may be approached in a statistical manner. This may be done 
by scribing an area on tho specimen snd centering this area aftor 
each autoclave so that the samo area will be observed each time. Ad- 
ditional sdvantages of thie method are that the effects of any pre- 
ferential corrosion along grain boundaries will be included and any 
preferential corrosion dus to crystal eriontation will be eliminated. 
After any cold working, the specimens should be ennealed. Twins in 
tho fiold bein; messured cívo erroneous results. 

Use tho elliptical compensator with an optically inactive standard 
for locating the diagonal positions as wali ag for determining the 
phase shift and rotation in tho reflected light. This procedure is 
outlined in the Bausch and Lomb Elliptical Vibration Compensator Ine 
struction Book.” 

Record intensities of diagonal positions and of ainimum positions. 
In order to do this it will be desirable to make one or more "intensity 
Standards" to which the galvanometer can bea calibrated. 

Autoclave at 295° C for one hour intervals. 

Carefully note and record the color and gensral macroscopic surface 
appearance for each measurenent. It is entirely possible that the 
corrosion time at which o specimen first shows film breakdown (as 


described in Ct upt. IV-8) may be used as a corrosicn paramster. 
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Geometrical Analyzis of Poincare phre Tor rhage 


Shift Due to Soc imen 


ЕЕС. „онна 


From Figure A-1l 


Similarly 


Sinze phase 


or 


AB 


C4 sin(2u +24,) 


AB tan % = OA tan 9 віпіст 4- 20, ) 


4! 
3 


AC 


tan 1 = АС „ OA tan P oein(2m t 244) 
OA nr 


ten Z tano, sin(2a t 24) mum (w) 


PR 2 UP sin{2a - 24.) 
SP = PR ten Фа С ОР “ап Ф (в: Әт - 28.) 


2 ОР 55 


tan j z tne, ain(em - 845) | ----- (5) 





f^ 
shift dus to specimen is 4 = bei, 
and σα ^ Фо = 9 
eddirs (а) апа ib) 
tan j, + tan m > tane | sin(2m * 264) t sin(2u - 2%) 
eines te d rj. tan di + tan fo | 
1 - tan( 3 tan (a 


and siru 5, ана $, < 1 


tan ( 5, + 52 es tan 4 san, 
бап А = tang] sin(2m + 2d,) 4 ain(2n - zl 
and A and e are both small so 


sin û4 = sino | einen ed. ) 4 sin(2m - 2d2 ) 
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Appendix B 


қағымда адыр 





SAMPLE CALCULATION FOR ADDITION OF NITROGEN 





Problem: To add 40 ppm nitrogen to a girconium billet weighing 87.5 ems. 





210. = 25 and x 2 40 х 87.5 Z mmber 
10° 87.5 10 ^ 


Convert sus. of =! to cc of N, at STP and convert for room temperature 


a 


<. Ж 


106 28 273 
Estimate that an excess of 20% N must, be supplied because a portion 
of the available % 49 not absorbed whan the zirconium billet is heated. 





2 „се ог * 1.2 x 40 x 87.5 х 22,400 х 500 - a 
10% x 28 x 275 


Volum of mnifold = 525 сс = Vo 


P. = atmos. press. (on this Сау = 751 m) 


1 
= _ P, Vs. 
Ἢ = Pag or P 2 = 1 
2 


2-8 “ 
100 x 28 x 275 x 325 





Consequently, blecd nitrogen from the circular flask (shown at 
the top of Fig. Bel.) into the manifold until the pressure manometer reads 
8.54 mm. Open the stopcock to the quartz tube (Fig. ITI-1) containing 
the zirconium billet and heat the billet by induction coil to 1000" С 
for about ten minutes or until the 8.54 mm pressure of No has been reduced 


essentially to tho orisinal vacuum pressure, 
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Appendix C 


CHEMICAL AND SPECTROGRAPHIC AN*LYS1IS 


Table I cives tha results of Chemical and Spectrographic Analysis 
of the original restinghowe Grade I Crystal Sar Zirconium end of the six 
samples (A, B, C, D, E, and F) made Da that material. During the ni- 
trogen addition there жае по substantial chance in concentration of any 
other elements except oxygen, carbon and iron, Of these, the oxygon 
ircreased while the iron decreased. while the small amount of oxyzen 
pickup noticed would not essentially alter ong way or other the corrosion 
resisting qualities of the samples, the reduction in ¿ron content sight 
well have a pronounced effect. In particular, sample è which was purest 


in nitrogen was most impure in iron, with ^ ratio of iron impurity to 


nitrogen impurity cf mors than 2031. 
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TABLE CHI 


CHEMICAL CONTENT OF PARSET ZIRCONIUM AND 





OF SIX SAYPLES VADE THEREFROM 
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Appendix D 


Data 


The data consists of valuss of phase Shi; and of rotation of 
plane of polarization measured after electropciishing ard after each 
autoclaving. It was plotted directly on graph paper form desirned 


espocinlly for this purposes. 


ы For each speciman for esch run, a Curve THs faired through tha 


measured values of 2m and of 2r versus tho number of autovlaving3. 
These curves are included at the end of each section of data. Tha 
values used in the calculatiois of Appendix F aro values picked off the 


faired curves of data. 
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Appendix E 





Summary of Data 


The data ers summarized in four sete of curves as follows: 

1. kun #1 
(а) Fairod plot of phaso shift versus numer of autoclavings. 
(b) Faired plot of rutaticn of plane of polarisation versus 


number of autoclavincs3. 


2. Run #2 
(a) Faired plot of phase shift versus nuner cf autoclavings. 
(b) Faired plot of rotation of plane of polarization versus 


number of autoclavings. 
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Li. 1 OSUTIAL 


Ammandix F 


Calculation of Charaeteristic Arızla 


tan V z -2.60606 Sin ?m 4 0,0208 
sin 2r 
where TU is the characteristic anvle 
| am is the phase shift in the reflected light 
er is the rotation in the reflected light 
and tho constants are those riven by Bausch and Lomb 


for Compensator No. 57 with Zirconare white light. 


Five place values for agin 2m ard sin 2r were used in calculatiens. 
2m, 2r, and Û are tabulated in Appendix F for each crystal in tho elec- 
tropolished condition and after each autoclaving. Plots of the charactor- 


istic anglo varaus corrosion tims are contained in Chantar IV, 
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m. лк бк ына 


D S200 


RUN #1 
LAL 112 
28 zr = eu zz < 

E 6,80 1.87 294-14 1. 08 0.70 229-28 

1 8.70 1.25 282-15 2.00 1.36 516-00 

ὦ 10.50 0.50 276-42 3.12 2.00 3525-32 

5 11,43 0,48 275-58 2.13 2.61 551-45 

4 12.27 0,22 271-55 2.23 5.15 505-43 

5 12.90 0.02 270-08 2.27? 5.62 558-20 

6 15.57 -0,12 2629-13 2.50 4.05 857-485 

"c 15.70 -0.25 268-53 2.51 4.45 541-56 

8 15.91 -0.80 268-08 2.52 4.77 545-05 

9 14.03 -0.32 2639-01 5.52 5,08 543-56 

10 14.09 -2.80 263-09 2.30 5.21 342-31 

1 14.10 -0.27 258-20 2.26 5.35 3145-22 

12 14.09 -0.21 2658-42 2.28; 5.45 3546-12. 

15 14.05 -0.15 259-04 2,08 5.51 547-00 
14 

15 15,95 0.00 270-00 1.80 5.55 548-46 

D 52003 

CONFIDENTIAL 
203 








IDENTIAL 











RUN #1 
151 1C1 
пв d T э а t 

E 6.77 2.05 294-27 5.38 1.50 & 29-52 
1 10.00 1.05 279-01 7.06 0,97 ZELLE 
2 12.16 0,42 272-59 8.55 0.55 275-41 
5 15.83 -9.05 208-08 8.85 0,37 271-20 
4 9,55 -0.12 255-58 
5 16.47 -0.77 265-56 9.75 «0.53 25705 
6 17,58 -1.07 252-45 1C..4 50,51. 25540 
7 18.52 -1,28 264-00 10.67 -0.64 284-45 
8 19.28 1.42 265-56 10.76 -0.74 254-05 
9 19.95 1.55 265-15 11.00 -0,82 255-56 
10 20.45 "1.55 265-04 11.28 -0,38 265-15 
11 20.68 -1.51 265-87 11.35 -0.93 252-57 
12 21.10 -1.40 264-12 11.45 -0.98 222-509 
15 21.27 -1.25 264-87 11.55 -1.01 252-50 
14 

15 21.45 -0.72 257-05 11.65 -1.08 258-05 
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1р1 
£n ar 
E 9.90 1.10 
1 10.87 0.55 
2 11.78 0.15 
$ 12.50 -0.15 
4 15.15 -0.56 
5 13.67 -0.51 
6 14.10 -0:61 
7 14.40 -0.57 
8 14.62 -0.70 
9 14.75 -0.70 
10 14.79 -0.68 
11 14.77 -0.65 
12 14.70 0.61 
15 14.58 -0.57 
14 
15 14.20 -0.48 


SU T 1DZNTIAL 


RUN FA 





È 
291-24 
274-22 
271-06 
268-58 
267-58 
266-46 

«266-15 
265-58 
26558 
265-52 
266-01 
266-11 
266-24 
266-57 


267-04 





1.1 
se 2r < 

7.55 2.00 2919-49: 

2.25 «86 2779.56: 
11,80 20 2719-28: 
15.25 -.35 2680-28! 
14,45 -.70 2659.48 
15.35 -.98 264-291 
16.10 1.18 2639-40: 
16.67 1.54 2659-05 
17.15 -1.44 2629-441 
17.50 -1.52 2629-29: 
17.70 1.57 2629-20" 
17.0 -1.58 2622-20" 
17.77 -1.57 262211 
17.08 -1.56 262 22! 
17.55 -1.50 2629-51! 


СОМЕТТТУМТТАТ, 


O O 


> 








Wi 
E 4.65 1.25 
1 5.24 .85 
2 6.77 „55 
3 6.24 085 
4 6.65 «21 
5 7.00 «12 
6 7.27 .09 
7 7,48 08 
8 7.62 .10 
9 7.65 «19 
10 7.60 «17 
11 7.95 “ne 
12 7.05 2459 
15 6.67 257 
14 
15 5.30 251 


CONFIDENTIAL 


HUN #1 





2929-081 
2850.45! 
2780-20: 
2742-40: 
2720481 
2719-29! 
2719-04! 
2719-02: 
2719-08! 
2719-21! 
2719-56! 
2729-55! 
2789 40! 
274? -46* 


2760-15 
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1F2 
en ar T 
2.90 .85 2989.26! 
5.95 E 2790.20" 
4,52 „30 275 „E81 
4.62 .21 2789.55! 
4.85 17 2780-01: 
5.02 .15 272^ 34! 
5.12 .12 2729.01: 
5.18 „12 27200" 
5.25 .11 2719-40: 
5,24 11 2719.40: 
5.25 .12 2712 591 
5.21 12 2719-59: 
5.18 «19 2729.00" 
5.13 .18 2729-11! 
52228 





AO AUR ANO ay 
ы 
Е 6.5% 1.83 
1 17.88 -1.00 
285 
E 6.45 1.65 
1 14.% -1.22 
201 
E 6.72 το 
1 16.05 -0,75 
Ë 6.92 1.82 
1 13.51 -0.08 
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RUN #2 


©. 


2959.00: 
2659-08! 


2920. 10% 
2029-57! 


2919-24: 
2552 58! 


о 
291 -431 
2699-29! 


FAA ursasa 

алг 
эп 2r + 

-1.05 0.88 2569-26: 

2.83 9,85 $51"-41* 
203 

4.10 1.62 2079.87: 

~16.88 2.85 257-5091 

-6.58 1.7 292^ 30! 

-19.50 1.87 2619-41: 
2F4 

2.52 0,80 2977-56: 

2.58 6.20 5429.451 


сл 
Ph 
(єр, 
O 
9%; 
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